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Abstract 
Scanning tunneling microscope (STM)-induced lumi-
nescence is explored as a technique for the characteriza-
tion of semiconductor quantum wells and quantum wire 
heterostructures. By injecting minority carriers into the 
cleaved cross section of these structures, luminescence 
excitation on a nanometer scale is demonstrated. Using 
spectrally resolved STM-induced luminescence for the 
tip placed at various positions across the cleaved hetero-
structure, it is possible to obtain local spectroscopic 
information on closely spaced quantum structures. 
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Scanning tunneling-induced luminescence (STL) (1, 
3, 10] is a novel technique that overcomes some limita-
tions of imaging and spectroscopic analysis of conven-
tional cathodoluminescence, for which the resolution is 
limited by the large thermalization volumes of the high-
energy (several keV) electrons [6]. By applying STL to 
cleaved cross sections of semiconductor heterostructures, 
nanometer-scale local excitation is possible. The tech-
nique is especially useful for the analysis of low-dimen-
sional semiconductor structures such as quantum wells 
(QW), wires (QWR) and dots. Recently, cross-sectional 
scanning tunneling microscopy (STM) has been applied 
to the study of cleaved III-V semiconductor heterostruc-
tures [2, 7, 8]. In these studies, structural and electron-
ic properties of heterostructures can be determined on an 
atomic scale. Combining the induced luminescence with 
this technique offers the possibility to study the optical 
properties of heterostructures as well, including single 
QWR. 
In this paper, we show results obtained for cross-
sectionally cleaved GaAs QW and QWR heterostructures 
embedded in (AlAsMGaAs) 8 superlattice (SL) barriers. 
The wavelength-resolved luminescence spectra taken at 
different positions across the planar SL structure show 
that it is possible to obtain local spectroscopic informa-
tion on closely spaced quantum structures. 
Experimental 
Samples 
The two samples discussed in this paper consist of 
a series of QWR and QW embedded in (AIAsMGaAs) 8 
SL barriers. The samples are grown by molecular beam 
epitaxy in the same growth run using a patterned GaAs 
substrate for the QWR sample and a planar one for the 
QW sample. Patterning is achieved by holographic 
lithography and wet-etching to form an array of 
V-grooves of 190 nm periodicity and side wall facets 
with orientations close to { 111} B planes [9]. Each bar-
rier consists of 5.5 periods of a SL with a total thickness 
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Figure 1. Schematic of the tip/semiconductor junction 
showing the tunnel injection process for electrons (e-) 
into the conduction band (CB) of a p-type direct-gap 
semiconductor. D is the width of the surface depletion 
layer resulting from a partial Fermi level (EF) pinning at 
the surface. Photon emission (flw) originates from the 
non-depleted subsurface region when an electron recom-
bines radiatively with a hole from the valence band 
(VB). 
of 18 run. The wells are produced by growing a nomi-
nally 5-nm-thick GaAs layer followed by a 120 second 
growth interruption. This sequence is repeated 11 times 
with the substrate temperature increasing from 550 to 
700°C between QWl and QW8; for QW9 to QWl 1, the 
substrate temperature was 600°C. The substrate is 
p-doped (Zn) at 1 x 1018 cm-3 , and the epitaxial struc-
ture is nominally homogeneously Be-doped at 7 x 1018 
cm-3, calibrated for a growth temperature of 600°C. 
Structural analysis plus dopant profiling are per-
formed with high-resolution STM on an adjacent QWR 
sample, and have been published elsewhere [l l]. The 
doping concentration in the QWR and QW and in the SL 
barriers is found to decrease from QWl to QW8 as the 
growth temperature is increased to 700°C, whereas the 
last three QW (QW9 through QWl 1) grown at 600°C 
again show higher doping levels. In addition, the QWR 
and QW thicknesses decrease with increasing tempera-
ture owing to strong Ga desorption during the growth 
interruption at high growth temperatures. For the last 
three QW grown at 600°C, the nominal thickness of 5 
run was reestablished. 
STL-STM system 
Samples were cleaved in a ultra high vacuum scan-
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ning tunneling microscope (UHV-STM) chamber with a 
base pressure of 5 x 10-tO mbar. This results in an 
atomically flat (011) surface. Slight oxidation (more on 
AlGaAs than on GaAs) occurs between cleavage and 
measurement. This leads to a partial Fermi-level pin-
ning of the (011) surface, which gives rise to a surface 
depletion layer at the surface of the cleaved sample. 
STM measurements are performed in constant current 
mode with various currents up to 1 nA and typical sam-
ple voltages of +2.0 V. The tunneling-induced light is 
collected by a lens with F = 1.12, situated 25 mm from 
the tip apex, providing a full collection cone of 45°. 
The optical axis forms an angle of 45 ° towards the sam-
ple surface normal (the UHV chamber used for these 
measurements is different from that used previously [I], 
where the angle between the optical axis and the sample 
normal was about 60°). The collimated light is coupled 
outside the UHV chamber through a view-port and refo-
cused onto a Si avalanche diode photon counting mod-
ule. Plotting the integral luminescence intensity as a 
function of the scanning tip position on the sample 
produces a photon map of the cross-sectional hetero-
structure which is measured at the same time as the 
topography map. For the wavelength-resolved spectra, 
the light is refocused onto the circular end of a quartz 
fiber optic bundle, while at the other end, the fibers are 
in linear arrangement and form the entrance slit to the 
spectrometer. The spectra are recorded using a liquid 
nitrogen cooled charged couple device (CCD) camera. 
The typical acquisition time for recording spectra of the 
room-temperature luminescence with tunneling currents 
in the nanoampere range and voltage below the e-h pair 
ionization threshold is about 30 seconds. 
Results and Discussion 
The processes involved in STL for a p-doped semi-
conductor with Fermi level pinning at the surface are 
shown in the schematic band diagram of Figure 1. 
These processes are: electron injection into the bulk-like 
flat-band region involving tunneling across the vacuum 
barrier, and then quasi ballistic transport across the 
surface depletion layer (D); thermalization of the hot 
electrons to the bottom of the conduction band (CB) in 
the flat-band region; diffusion of the electrons; and 
finally, radiative recombination of the electron with a 
hole from the valence band. Generally, the lumines-
cence intensity depends on (1) the efficiency of carrier 
injection into the flat-band region and (2) the competi-
tion between radiative and non-radiative processes in this 
region below the surface depletion layer. The efficiency 
of carrier injection in (1) strongly depends on the excess 
energy above the CB of the injected electron (therefore 
decreasing strongly when moving at constant injection 
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Figure 2 (top). Scanning tunneling-induced luminescence map of a 310 x 180 nm2 cross section of a quantum wire 
sample taken at constant bias (V8 = 2.2 V) and tunneling current (Ii = 1.0 nA). The gray scale ranges from 0 (black) 
to 7500 (white) counts per second. The quantum wires (1-3) are labeled in the figure, and the wells are labeled above. 
Quantum wire #1, close to the etched interface, has a very low luminescence yield. 
Figure 3 (bottom). Scanning tunneling-induced luminescence map of a 300 x 70 nm2 cross section of the planar quan-
tum well sample taken at constant bias (V8 = 2.2 V) and tunneling current (Ii = 1.0 nA). The gray scale ranges from 
0 (black) to 2500 (white) counts per second. The QW are labeled above, and their growth temperatures together with 
the QW thicknesses measured by cross-sectional STM are shown below the image. The circles mark the positions 
where the four spectra shown in Figure 4 were recorded. 
energy from a lower to a higher band gap material) and 
on the doping of the material. With increasing excess 
energy, more electrons have sufficient energy to cross 
the depletion layer. Electrons that have lost too much 
energy during scattering events will drift in the electric 
field of the space-charge region back to the surface 
89 
where they recombine non-radiatively. The width of the 
depletion layer is proportional to (1/pr 112 (for a pinned 
Fermi level and a doping concentration of p = 1 x 1018 
cm-3, the depletion width is about 12 nm). For lower-
doped material, the depletion layer is larger; therefore, 
fewer carriers can be expected to be transported through 
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Figure 4. Tunneling-induced luminescence spectra re-
corded at the four positions indicated in Figure 3. The 
sample bias was V 8 = 3. 0 V) and the tunneling current 
It= 1.0 nA. The thermalization volume at 3.0 V injec-
tion energy is comparable to the distance between the 
QW. Therefore, luminescence from QW of different 
thicknesses can contribute to one spectra, cf. #25. 
-------------------
it. This is an important reason for the lower lumines-
cence yield at lower doping concentrations ( one effect 
that might lower the luminescence yield at higher doping 
concentration is the reduced ballistic transport due to 
impurity related scattering; compared to other scattering 
mechanisms, this contribution is not expected to be im-
portant). The internal quantum efficiency is determined 
by the competition between radiative recombination and 
non-radiative processes, such as recombination at deep 
levels due to defects in the bulk-like flat band region. 
The radiative lifetime of minority electrons in p-doped 
GaAs is strongly dependent on the hole concentration. 
Up to a Be doping level of 1019 cm·3 , we can expect 
that the radiative lifetime decreases with increasing 
doping concentration [5]. Finally, as with cathodo-
luminescence, the resolution of the technique is largely 
governed by the thermalization volume and minority 
carrier diffusion. In STL, where the electron energies 
are close to the CB, the thermalization volume is about 
two orders of magnitude smaller than is the case for 
cathodoluminescence, for which electron energies are 
typically 0.5 to 20 keV. Minority carrier diffusion in 
three, two or one dimension may take place, depending 
on the heterostructure configuration. Radiative 
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recombination will preferentially occur in the lowest 
band gap material when the thickness of the barriers is 
small compared to the diffusion length in the barrier. 
Figures 2 and 3 show luminescence maps of 
310-nm-wide areas of the cleaved cross section of the 
QWR and the QW samples, respectively. Both images 
were taken at constant sample bias (V 8 = 2.2 V) and 
tunneling current (1t = 1.0 nA). The integrated lumi-
nescence intensity is given by a gray scale; for the 
range, see figure captions. The bright regions are 
associated with QW and QWR, as labeled. The nominal 
growth temperatures and QW thicknesses measured on 
the planarized part of a QWR sample by cross-sectional 
STM are indicated in Figure 3. The contrast between the 
GaAs well wires and SL barriers is mostly due to the 
large difference of the injection efficiency between these 
regions as a result of the difference in tlieir band gaps. 
Thus, the shape of the bright regions in the QWR sa'..'ll-
ple indicates the V-shaped cross section of the GaAs 
wires. These shapes are in agreement with the atom-
ically resolved cross-sectional STM results [11]. Two 
striking features are associated with the relative bright-
ness of the QW and QWR. The first is the reduced l-
uminescence intensity from the wells grown at high 
temperature (QWS through QWS) compared with those 
grown at lower temperatures above and below. As dis-
cussed above, these wells are thinner and less doped due 
to the high growth temperature. Both of these properties 
lead to reduced luminescence: For thinner QW, the in-
crease in the confinement energy leads to a decrease in 
the excess injection energy above the lowest quantum 
level, resulting in a reduction in carrier injection. 
Lower doping results in a thicker depletion region, 
which therefore reduces the carrier injection efficiency. 
Lower doping also leads to a longer minority carrier 
radiative lifetime, which allows non-radiative 
recombination paths to dominate. Furthermore, the 
increased importance of interface defects in very thin 
QW may contribute to the low luminescence yield. The 
second feature is the lower intensity of QWl compared 
with QW2 and QW3 (Fig. 3) or, even more dramatic, 
the larger differences in intensities between'. QWRl, 
QWR2 and QWR3 (Fig. 2). These results are attributed 
to a shortened non-radiative lifetime due to an increased 
concentration of non-radiative recombination centers 
such as crystallographic defects or deep impurities. 
These centers occur because no buffer layer was grown 
on the substrate, and thus the QWR and QW closest to 
the substrate interface would be expected to have a 
higher concentration of such defects. 
Across the planar heterostructure shown in Figure 
3, a series of 60 wavelength-resolved spectra are taken 
by moving the tip in steps of 5 nm between every acqui-
sition. The tunneling conditions were V8 = 3.0 V with 
STM-induced luminescence spectroscopy 
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Figure S. Observed peak 
wavelength (squares) of 
the tunneling-induced 
luminescence as a func-
tion of the tip position 
over the cross section of 
the heterostructure. Tri-
angles and circles show 
the wavelength at half 
maximum on the low and 
high-energy side of the 
peak, respectively. The 
distance between conse-
cutive spectra is 5 nm 
(only every fifth measure-
ment is shown from spec-
trum #35 on). The dia-
monds indicate the ex -
pected peak wavelengths 
for QW #4 to #6 and #9 
to #11 of Figure 3. 
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a tunneling current of 1i = 2 nA. In the present inves-
tigation, a higher sample voltage was used than shown 
in Figure 3. Although this gives rise to lower lumines-
cence contrast due to larger thermalization volumes, a 
larger luminescence signal is generated. With these in-
jection parameters, an acquisition time of 30 seconds 
was required for each spectrum. By comparing the peak 
heights of the recorded spectra to the luminescence map 
in Figure 3, the position that each spectrum was taken 
can be determined within 5 nm. Figure 4 shows four 
different spectra selected from the set of 60 spectra, 
taken at positions indicated in Figure 3. Spectrum #10 
is taken close to the second QW (QW2, 590°C); it 
shows the characteristic shape for room-temperature 
luminescence from a doped QW. Spectrum #25 is taken 
near QW6 (680°C) and shows a substantially different 
spectrum. As discussed below, the luminescence from 
QW6 (measured thickness 3.1 nm with cross-sectional 
STM) occurs at a wavelength of about 750 nm, but it 
appears only as a shoulder in this spectrum #25. This 
indicates that there is substantial diffusion of carriers, 
and this results in a luminescence signal coming from 
several QW. This situation is addressed further below. 
Spectrum #40 is taken over the top three QW. The peak 
appears at 783 run and shows the same shape as spec-
trum #10. Spectrum #55, taken about 5 nm into the 
cladding layer, shows a peak at 783 nm resulting from 
electrons recombining in the top QW (QWl l), and a 
peak at 658 nm that originates from the AlGaAs clad-
ding (corresponding to an Al content of x = 37 % ). 
This directly demonstrates how injection at a specific 
position can result in luminescence coming from various 
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locations due to the therrnalization and diffusion of the 
injected carriers. 
To further elucidate the effect of thermaliz.ation and 
diffusion on the spectra recorded, it is useful to plot the 
data in a different way. Figure 5 shows in detail the 
position-dependent peak wavelengths as squares, and the 
high and low-energy sides of the peaks at half maximum 
as circles and triangles, respectively. The expected 
wavelengths are also shown (diamonds). The QW 
thicknesses shown in Figure 3 serve as the principal pa-
rameter for the wavelength calculation. The differences 
in wavelength compared to the peak wavelength of the 
nominally 5-nm-thick QW9, QWlO and QWll are cal-
culated assuming constant binding energy for the 
dopants. Starting at position 20 nm, we observe a shift 
of the peak towards shorter wavelengths. This is expec-
ted because the QW become thinner. However, the size 
of this shift is much smaller than that expected from the 
calculation shown. This is because the injected carriers 
therrnalize and diffuse, so the spectra represent contri-
butions averaged over several neighboring QW. For an 
excitation energy of 3.0 eV (1. l eV above the barrier 
CB), the thermalization volume is about 30 nm [4], 
which is comparable to the separation between QW, and 
diffusion of minority carriers extends this averaging still 
further. Thus, it is not surprising that the main contri-
bution to the luminescence signal, when we inject car-
riers into the region around QW6-QW8, does not come 
from those QW that have a low luminescence yield, but 
from QW to either side of this region (QW5 and QW9) 
that have a high luminescence yield. The contributions 
of QW6-QW8 are only visible as a shoulder on the high-
M. Pfister et al. 
energy side, as seen in spectrum #25 of Figure 4. 
Finally, based on the constant peak wavelength of the 
spectra taken between positions 150 nm and 300 nm, we 
can confirm that the three nominally identical QW have 
indeed the same thickness. Furthermore, the energy of 
the transitions does not change with carriers being 
injected as hot carriers directly into the QW or into the 
AlGaAs cladding layer, from where the thermalized 
electrons have to diffuse back to QWll first. 
For the present data, taken at room temperature, the 
line shapes are very similar to the ones obtained with 
conventional photoluminescence. In the region where 
the excited luminescence originates only from equally 
thick QW (around QW9, QWlO and QWl 1) the high-en-
ergy side shows exponential decay with kT = 28 meV, 
which is typical for room temperature luminescence. On 
the low-energy side, the decay width is also large, but 
this is typical for impurity-related transitions in highly 
doped p-type GaAs [5]. 
Conclusion 
We have shown results of STL on GaAs QW and 
QWR structures including first results of wavelength-
resolved STL with nanometer spatial resolution on such 
structures. The intensity of the luminescence signal 
depends on the efficiency of carrier injection into the 
flat-band region and on the competition between radia-
tive and non-radiative processes in this region. The 
effects of both processes are observed. Importantly, it 
is the latter process alone that results in lower intensity 
from the first QW or QWR, indicating that there are de-
fects in these structures due to their proximity to the 
substrate that reduce the optical efficiency of these 
structures. The spectra obtained from the QW have the 
shape expected for room-temperature luminescence from 
a doped QW. However, for the tunneling conditions 
used, several of the closely spaced QW contribute to the 
luminescence signal due to carrier thermalization and 
diffusion effects, which govern the spatial resolution. 
These results indicate that STL is a promising technique 
to measure optical properties of semiconductor nano-
structures. 
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